ABSTRACT. The avian family Ardeidae comprises long-legged freshwater and coastal birds. There has been considerable disagreement concerning the intrafamilial relationships of Ardeidae. Mitochondrial cytochrome c oxidase subunit I (COI) was used as a marker for the identification and phylogenetic analysis of avian species. In the present study, we analyzed the COI barcodes of 32 species from 17 genera belonging to the family Ardeidae. Each bird species possessed a barcode distinct from that of other bird species except for Egretta thula and E. garzetta, which shared one barcoding sequence. Kimura two-parameter distances were calculated between barcodes. The average genetic distance between species was 34-fold higher than the average genetic distance within species. Neighbor-joining and maximum likelihood methods were used to construct phylogenetic trees. Most species could be discriminated by their distinct clades in the phylogenetic tree. Both methods of phylogenetic reconstruction suggested that Zebrilus, Tigrisoma, and Cochlearius were an offshoot of the primitive herons. COI gene analysis suggested that the other herons could be divided 
INTRODUCTION
The avian family Ardeidae, generally known as herons, comprises long-legged freshwater and coastal birds, which exhibit very little sexual dimorphism in their size; however, the systematics of herons have long been contended (Peters, 1931; Bock, 1956; Payne and Risley, 1976; Sheldon, 1987 Sheldon, , 2000 Sibley and Monroe, 1990) . Bock (1956) conducted a systematic review of the group and defined 64 species, 15 genera, and 2 subfamilies (Ardeinae and Botaurinae). Payne and Risley's (1976) comparison of 33 osteological characters of herons was the first cladistic estimate of heron phylogeny. Based on their findings, herons were divided into two major clades: 1) boat-billed heron (Cochlearius cochlearius), night-herons, and bitterns; 2) tiger-herons and day-herons. From skeletal analyses, which focused more on the bones of the body and limbs, this grouping was revealed to be incorrect (McCracken and Sheldon, 1998) .
Molecular phylogeny challenges the traditional classification of the Ardeidae (Sheldon, 1987; Sibley and Ahlquist, 1990; Sheldon et al., 1995) . Sibley and Ahlquist (1990) first attempted to clarify the phylogeny of the Ardeidae using DNA-DNA hybridization data, and added three genera, which were Mesophoyx, Casmerodius, Nyctanassa. Sheldon et al. (1995) studied the systematic relationships of herons using mitochondrial DNA sequences, and distinguished three major groups: tiger herons and the boatbill (Tigriornithinae), bitterns (Botaurinae), day-herons, egrets, and night-herons (Ardeinae). The classification of individual heron species was still fraught with difficulty, and there was no clear consensus about the correct placement of many species into any of the three major groups. Thus, relationships between genera in this family were not completely resolved. Sheldon et al. (1995) noted that the uncertainties remaining in higher-level heron phylogeny were: 1) the position and composition of some genera, and 2) the identification of the basal heron lineage.
DNA barcoding employs sequences from a short standardized gene region to identify species (Hebert et al., 2003a,b) , and has been used successfully to analyze the phylogeny of many animal groups (Huang and Ke, 2015) . DNA barcoding studies on Ardeidae birds remain very limited (Päckert et al., 2014) . Therefore, in the present study, we examined 652 bp of the mitochondrial cytochrome c oxidase subunit I (COI) gene of Ardeidae birds and then conducted phylogenetic analyses within Ardeidae based on these sequences. Our main aims were to clarify the phylogeny of the herons and to show that the COI gene is an efficient marker for their identification.
MATERIAL AND METHODS
Ninety-eight COI sequences were obtained from GenBank. Thirty-two species from 17 genera belonging to the family Ardeidae were analyzed (Table S1 ).
Sequences were aligned by the Clustal X procedure (Thompson et al., 1997) . A 652-bp region of the mtDNA COI gene was analyzed. DnaSP v5.0 (Librado and Rozas, 2009 ) was used to define the variable sites. Sequence divergence among species and genera was calculated using the Kimura two-parameter (K2P, Kimura, 1980) distance model in MEGA 6.0 (Tamura et al., 2013) . The Neighbor-Joining method (NJ, Saitou and Nei, 1987) was used to reconstruct the phylogenetic tree based on K2P from MEGA6.0 (Tamura et al., 2013) . Modeltest 3.0 (Posada and Crandall, 1998) and the Akaike information criterion (AIC, Posada and Buckley, 2004) were used to identify the appropriate nucleotide substitution models. A maximum likelihood tree (ML, Strimmer and Haeseler, 1996) was obtained using heuristic searches, based on the substitution model proposed by Modeltest 3.0 (Posada and Crandall, 1998) . We calculated the ML tree using PAUP4.0 (Swofford, 2002) . Statistical support for the internodes in phylogenetic tree was tested by bootstrap percentages with 1000 replicates (Felsenstein, 1985) .
RESULTS

Barcoding analysis
The 652-bp COI sequences were aligned, and the gene fragment was found to correspond to the Egretta garzetta mitochondrial gene, which started at position 5476 and ending at position 6127 (GenBank accession No. NC023981, Zou et al., 2015) . A total of 251 variable sites were identified, of which 230 were parsimoniously informative (35.27% of the entire sequence). Most species had distinct COI sequences, with the exception of Egretta thula and E. garzetta, which shared one barcoding sequence. The average nucleotide composition was 25.65% T, 31.08% C, 26.91% A, and 16.36% G.
K2P genetic distances within-species had a small range (0 to 3.35%), with more than 87.50% of the observations having a genetic distance less than 1% (Figure 1 ). Pair-wise comparisons among-species were distributed from 0.83% (between Egretta novaehollandiae and Egretta sacra) to 17.52% (between Ixobrychus cinnamomeus and Tigrisoma fasciatum) with most of the comparisons observed between K2P genetic distances of 10 and 18%, with values up to 92.23%. The average difference in the COI sequence between species (13.08%) was 34-fold higher compared to the average difference within species (0.40%).
Phylogenetic relationships
On the basis of hierarchical likelihood-ratio tests as implemented in Modeltest 3.0, the model General Time Reversible (GTR) model + Gamma distribution + invariable sites was used (GTR + G + I, -lnL = 5439.66, P < 0.001, AIC = 11,286.63, BIC = 13,125.53). The gamma distribution and proportion of invariant sites were set as 1.46 and 0.57 (estimated by Modeltest), respectively.
The NJ method was also used to reconstruct the phylogenetic trees based on the K2P model. Meanwhile, the maximum likelihood phylogenetic tree was estimated with the bestfit model GTR + G + I. The phylogenetic trees obtained by NJ ( Figure S1 ) and maximum likelihood (not shown) were very similar. All species could be discriminated by their distinct clades in the phylogenetic tree except for E. thula and E. garzetta ( Figure S1 ). Zebrilus species were the first to split from the Ardeidae lineage. The next clades included members of Tigrisoma and Cochlearius. Both phylogenetic analyses suggested that Pilherodius was the sister genus to Syrigma. Agamia was the sibling taxon to Ardeola. Analysis of COI genes supported the inclusion of Nycticorax, Gorsachius, and Butorides in a clade ( Figure S1 ).
The genus Ixobrychus was divided into two subclades: involucris (sinensis + miutus + flavicollis, cinnamomeus + eurhythmus). Species from Botaurus were the sister group to Ixobrychus involucris. The genus Ardea was also divided into two subclades: purpurea, cinerea + herodias + cocoa. Members of Egretta grouped into one clade: thula + garzetta, sacra + eulophotes, novaehollandiae. However, Casmerodius alba grouped with Bubulcus ibis and Mesophoyx intermedia into one clade ( Figure S1 ).
DISCUSSION
The Ardeidae are a well-studied group of birds; however, there has been considerable disagreement concerning the intrafamilial relationships of these birds (Sheldon, 1987) . The results of the present study provide the first DNA barcoding and phylogenetic analysis of the family using the COI gene. These results demonstrate the discriminatory power of barcodes for the identification of herons. COI data showed a well-supported phylogeny for Ardeidae species.
The zigzag heron (Zebrilus undulatus) was the most enigmatic of the herons (Payne and Risley, 1976) . The zigzag heron resembles a tiger-heron in its barred plumage and forest habitat (Ridgway, 1878; Bock, 1956 ). However, Sharpe (1898) and Peters (1931) considered the zigzag heron to be a bittern. Payne and Risley (1976) also found that the zigzag heron was associated with the bitterns rather than with the tiger herons based on skeletal characters. Molecular data have also suggested that the zigzag heron is most closely related to bitterns (Sheldon et al., 1995; McCracken and Sheldon, 1998) . Our results supported that the zigzag heron was sister species of the outgroup (Figure 1) . It is likely that the heron is a basal ancestor of herons rather than a tiger-heron or bittern. Some of its characteristics resemble those of the bitterns, while others resemble those of tiger herons (Payne and Risley, 1976) . Zebrilus may be best considered a highly aberrant heron, which has retained several primitive characteristics of the heron ancestors. More taxon sampling and different markers are needed to resolve the taxonomic status of the zigzag heron.
COI analysis supported the next clades being formed by the genera Tigrisoma and Cochlearius. The taxonomic position of the boat-billed heron (Cochlearius cochlearius) has been much disputed. Members of Cochlearius were previously considered to be night-herons based on morphological and behavioral characters (Payne and Risley, 1976) . It has also been proposed that the boat-billed heron is a separate group (Bock, 1956) . Sheldon et al. (1995) considered Cochlearius to be the sister taxon of Tigrisoma based on DNA-DNA hybridization. Analysis of COI genes suggested the Cochlearius was related to Tigrisoma, but supported these herons to be in a monophyletic group. Within Ardeidae, with the exception of the three aforementioned genera, analysis of COI genes supported the conventional division between Botaurinae and Ardeinae.
Within Botaurinae, the present analysis succeeded in producing a completely dichotomy phylogenetic tree. Members of Botaurus were the sibling group to I. involucris. The other species of Ixobrychus were divided into two subclades. Flavicollis was the sister species of miutus/sinensis, which together formed the sister group of eurhythmus/cinnamomeus. The species Ixobrychus flavicollis has often been recognized as a monotypic genus Dupetor (Peters, 1931) . However, flavicollis was somewhat aberrant in size and there were no obvious morphological differences between it and other species of small bitterns; therefore, it appeared to be best recognized as Ixobrychus (Payne and Risley, 1976) . COI gene data well supported the placement of flavicollis in the genus Ixobrychus.
Herons have traditionally been divided into four or five ecological groups: day herons, night herons, bitterns, tiger herons, and boat-billed herons (Hancock and Kushlan, 1984) . COI gene data suggested that day-and night-herons form a clade with bitterns as their sister group. Some studies also found day-and night-herons to be monophyletic (Sheldon et al., 1995) . Species have been moved between different genera. Within Ardeinae, the taxonomic position of the great egret (C. alba) and the intermediate egret (M. intermedia) has been disputed. Traditionally, the two egrets were placed in the genus Egretta based on morphology (Bock, 1956) . Payne and Risley (1976) proposed that the great egret should be included in the genus Ardea rather thank Egretta based on its skeletal characteristics (Sheldon, 1987) . Analysis of the COI gene clearly demonstrated that the great egret and the intermediate egret are closer to the cattle egret (B. ibis) than to the little egret (E. garzetta) (Figure 1 ). Our results support Sibley and Monroe's (1990) classification of the great egret and the intermediate egret in separate genera, Casmerodius and Mesophoyx, respectively.
Egretta and Ardea have been associated because they share many similar characters and because the great egret and the intermediate egret appeared to bridge the gap between them (Sheldon 1987) . The phonetic data of Payne and Risley (1976) and the DNA data of Sheldon (1987) also revealed a significant difference between Egretta and Ardea. Morphological comparisons showed that Syrigma was the sister group of day-and tiger herons and that Bubulcus was closer to Egretta than to Ardea and Casmerodius (Payne and Risley, 1976) . COI gene data support a different phylogeny to that supported by the morphological characters. The molecular data demonstrated: 1) Zebrilus, Tigrisoma, and Cochlearius branched from the base of the heron tree, 2) day-and night-herons formed a clade, 3) Syrigma belonged in the egret clade, and Bubulcus was part of the Casmerodius/Mesophoyx/Ardea clade. Our results indicate that Egretta and Ardea are not necessarily sister taxa.
